Trichodesmium spp. are diazotrophic cyanobacteria that exist as single filaments (trichomes) and as macroscopic colonies of varying shapes formed by aggregating trichomes. The causes and dynamics of colony formation and disassociation are not yet elucidated. we demonstrate that limited availability of dissolved phosphorus (P) or iron (Fe) stimulated trichome mobility and induced colony formation in Trichodesmium erythraeum IMS101 cultures. The specific nutrient limitation differentially affected the rate of colony formation and morphology of the colonies. Fe starvation promoted rapid colony formation (10-48 h from depletion) while 5-7 days were required for colonies to form in P-depleted cultures. Video analyses confirmed that the probability of trichomes to cluster increased from 12 to 35% when transferred from nutrient replete to Fedepleted conditions. Moreover, the probability for Fe-depleted aggregates to remain colonial increased to 50% from only 10% in nutrient replete cultures. These colonies were also characterized by stronger attachment forces between the trichomes. Enrichment of nutrient-depleted cultures with the limited nutrient-stimulated colony dissociation into single trichomes. We postulate that limited P and Fe availability enhance colony formation of Trichodesmium and primarily control the abundance and distribution of its different morphologies in the nutrient-limited surface ocean.
Introduction
The filamentous N 2 -fixing marine cyanobacterium Trichodesmium spp., known for its extensive oceanic blooms across the nutrient-poor (oligotrophic) subtropical and tropical ocean, exists as both single filaments (trichomes) and as colonies comprised of aggregated trichomes (averaging around~50 to 200 trichomes per colony) [1] . Colonies can be spherical or fusiform and are termed "puffs" or "tufts" (sometimes "rafts"), respectively [2] . Colony morphology does not depend on the Trichodesmium clade or species with both forms reported for these taxonomic classifications [3] and with individual colonies comprised at times of multiple species [4, 5] .
Trichodesmium's capacity for fixing atmospheric dinitrogen (diazotrophy) overcomes the scarcity of fixed inorganic nitrogen (N) in the oligotrophic surface oceans it inhabits [6] . Since Trichodesmium was first characterized as a cyanobacterial diazotroph [7] , its colonial morphologies have been attributed with several metabolic and evolutionary advantages. Early hypotheses that colonial morphologies in Trichodesmium are required for N 2 fixation [8] have been replaced by data demonstrating that both free trichomes and colonies fix N 2 [9] and that free trichomes can optimize N 2 fixation by a combined spatial and temporal separation of the incompatible processes of photosynthesis and N 2 fixation [10] .
Studies on colonies have indicated that these morphologies are advantageous in providing oxygen-reduced zones in the colony center promoting higher N 2 fixation rates [11] ; increasing vertical migration [12] [13] [14] ; enabling "nutrient mining" from depth [13, 15, 16] ; enhancing the process of taking-up, storing, and dissolving iron oxides and eolian dust [17, 18] ; and facilitating nutrient These authors contributed equally: Yael Tzubari, Liel Magnezi.
supply and acquisition via the resident holobiont/epibiont communities [19] .
Cultures of Trichodesmium characteristically produce colonies during the stationary growth phases when nutrients may be depleted [20] [21] [22] and when pH increases substantially at high biomass or under high oxygen stress [23] . Increasing colony abundance was also correlated with higher salinities and temperatures in a transect across the Atlantic [24] . Yet, the exact environmental or biotic parameters inducing trichome aggregation and colony formation in Trichodesmium have yet to be determined.
Bioavailable iron (Fe) and phosphorus (P) are critical parameters regulating Trichodesmium distribution worldwide [18, [25] [26] [27] . In this study, we thus examined the hypothesis that nutrient limitation, specifically limited availability of Fe and P, drives motility, colony formation, and the subsequent characteristics of the colonies formed.
Methods

Cultures and experimental setups
For all experiments, we used non-axenic cultures of Trichodesmium erythraeum IMS101, where Trichodesmium dominated the biomass and associated epibionts were found in very low copy numbers during the experiments (see Supplementary Table S1 ). To reduce variations in cellular responses due to culture age, all experiments were performed on exponentially growing cultures that were gravity filtered onto polycarbonate filters (10 µm pore size) and washed with 3 × 50 ml of the required media (Fe-depleted or P-depleted or full YBCII) to remove the old media and unassimilated nutrients. The resuspended cultures were incubated in polycarbonate Nalgene bottles filled with autoclaved YBCII medium [20] that was utilized as either replete (full medium), P-depleted (-PO 4 ) to which no phosphorus was added, or Fe-depleted (-Fe) with no Fe added. Cultures were maintained at 25°C under a 12:12 light:dark cycle and white fluorescent light intensity of ∼80-100 µmol quanta m −2 s −1 with no external bubbling with air. Nutrient-depleted media was prepared in 10 L polycarbonate Nalgene bottles washed with acid (10% HCl) and rinsed three times with ultra-distilled water. Fe-depleted cultures were not tested for dissolved Fe as no Fe was added. Moreover, identically grown cultures showed increasing expression of the diagnostic prokaryotic iron stress-response gene isiB [28] for 48 h after Fe depletion from the medium [29] . To examine whether nutrient enrichment will impact the colonies formed, we added (Rescue treatment) Fe-EDTA or KH 2 PO 4 to the corresponding depleted culture 24 h (h) or 5 days after depletion at a concentration matching Fe and P concentrations of replete YBCII at T 0 .
Colony formation
To examine whether colony formation required live trichomes, we divided a replete T. erythraeum IMS101 culture to four subcultures that were subsequently transferred to Fedepleted media, retained as untreated (controls), or immediately killed by one of three different and independent treatments chosen to maintain trichome morphology as in live cultures: UV radiation, microwaving, or by fixation with 1.5% glutaraldehyde. After treatment, the subcultures were examined for 24 h to observe trichome motility and quantify colony numbers (after 24 h).
Influence of the initial culture density on colony formation
To quantify the effect of initial culture density on the number of colonies formed, we divided a replete and exponentially growing T. erythraeum IMS101 culture into five subcultures each with a different cellular concentration (from 1000 cells ml −1 to 160,000 cells ml
). The subcultures were then transferred (after appropriate washing in depleted media) to bottles containing Fe-and P-depleted media and the number of colonies formed for each subculture were counted daily. Data presented here are from colonies formed at day 2 (after 48 h) in the Fe-depleted cultures and from day 6 in the P-depleted cultures as our preliminary experiments demonstrated this was the time required for the colonies to appear at each of the specific depletions. These experiments were repeated independently three times with three different stock cultures.
Live imaging of cells and colonies
To track trichome movement and colony formation, cultures were placed within a 35 mm TC Treated Glass Bottom CELLview cell culture dish (Greiner Bio-One GmbH, Kremsmünster, Austria) directly prior to imaging. Real-time imaging was performed using a M205 FA Fluorescence Stereo Microscope (Leica Microsystems GmbH, Wetzlar, Germany) for 10 h with images taken every 30 s.
Quantification and characterization of trichome movement
Quantification and characterization of trichome movement. We used an Axio Imager Z2 optical microscope (Zeiss), equipped with a GX1050 video camera (Allied Vision Technologies) and Matlab software programmed to detect the motion of the trichomes and store their coordinates at any single frame, obtaining a smooth trajectory. The software detects trichomes and stores their center of mass in the memory. Trichomes were moving in all directions; if two trichomes collided, and remained together for more than 30 s, we considered them attached. We then calculated the fraction of attached trichomes from the total of trichomes that collided with each other. We also examined the probability for the attached trichomes to remain together (coalesce) for a time period of minutes to hours.
Cell and colony counts
T. erythraeum IMS101 live cells and colonies were counted in a S50 Sedgwick-Rafter Cell (Pyser-SGI ltd., Edenbridge, UK) using an Eclipse 80i microscope equipped with a DXM 1200F camera (Nikon, Tokyo, Japan). Trichome (free and within colonies) and colony numbers and sizes were measured using ×40 magnification. Cell lengths were measured at ×400 magnification. Image analyses were performed using ImageJ (NIH, Bethesda, MD, USA). For the experiments presented in Table 1 , samples were fixed with 1.5% glutaraldehyde final concentration and flash frozen in liquid nitrogen. The preserved trichomes were measured and enumerated using a Cytosub flow cytometer (Cytobuoy, Woerden, the Netherlands). As we were interested in the colonies as a unit, the number of colonies were normalized to the total number of cells (sum of cells in free trichomes + cells in colonies). In this study on Trichodesmium IMS101 cultures, we did not distinguish between tufts or puffs and refer to both morphological forms as colonies. Growth rates (µ) were calculated according to the following equation: µ(d 
Scanning electron microscopy
We used the GTGO protocol [30] 
Statistics
Colony formation in nutrient-depleted media was compared to replete controls using an ANOVA repeated measure linear model. The number of colonies formed per initial cell density under Fe depletion were compared to the P-depleted or Fe-depleted colonies using a univariate analysis of variance (testing between-subject effects). Comparisons of colony and trichome lengths in Fe-depleted, P-depleted, and replete media were performed using a two-tailed t-test.
Results
Live motile trichomes are required to form colonies A priori, if colony formation is a biological response, the formation of colonies would require living cells and will not result from physical surface interactions of the medium ), trichome length, and colony number (colony number per total cell number) ± SD were determined after 3 days. n = 3 for all treatments (Fig. 1a) . Killing the cultures immediately after cultures were transferred to Fe-depleted media by three different treatments, aimed to maintain the integrity of the trichomes (treatment with UV, glutaraldehyde, and microwave), resulted in the complete absence of aggregation or colony formation (Fig. 1b) . When colonies formed, we observed that trichomes attached to each other with cellular appendages (Fig. 2a, b , c) forming bridges between two trichomes (Fig. 2d, e) . Colonies also displayed different adhesive properties than single trichomes as measured using an atomic force microscope (AFM) (Supplementary Figure  S1 ) with the generated adhesion maps showing fourfold higher adhesive forces in colonial trichomes compared to single trichomes from the same cultures and conditions (18 nN and 4 nN, respectively) (n = 86, p < 0.001). We also observed longer hair-like structures (~5-7 µm length) ( Fig. 2f ) that may play a role in attachment of trichomes to one another.
The movement of single trichomes to form colonies was characterized by tracking the motion of each trichome along its main axis (directed parallel to its body), and following trichome rotations about the axes located (randomly) at any point on their body. Trichome motion was ballistic (motion in straight lines and constant speed, then possibly merging with other trichomes) and rotational-with trichomes twisting and turning (Fig. 3a (Fig. 3e) . Trichomes came together, remained attached, and disaggregated within a timescale from tens of seconds to several hours (Supplementary Videos 2-3). This characteristic motion was only observed in live cultures and not in dead ones and was independent of nutrient status (Fig. 3e) . The typical trichome speed was~2 µm s −1 corresponding to~50 bodylengths per hour.
Iron and phosphorus limitation induce colony formation and influence colony morphology
Colonies formed when exponentially growing cultures were resuspended in Fe-or P-depleted media and incubated under otherwise regular growth conditions. Although the cultures were treated similarly (i.e., in Fe-or P-free medium), the response time of the cultures regarding colony formation differed in all of our experiments with Fe depletion causing colonies to appear 24-48 h after depletion while colonies in P-depleted cultures formed only after 5-7 days. Thus, counts from 48 h (Fe-depleted) and 6 days (P-depleted) clearly show that the initial culture density influenced the rate and the number of colonies formed (Fig. 4) . Under Fe-depleted conditions, linear regression analysis revealed that the minimum number of cells required for colony formation was 230 cells ml −1
(R 2 = 0.88, n = 15, p < 0.001) while in P-depleted media the minimum number of cells required to form colonies was fourfold higher, 944 cells ml −1 (R 2 = 0.89, n = 15, p < 0.001). Moreover, under Fe depletion, the number of colonies formed, prior to the demise (or biomass crash) of the culture, was significantly higher than the number of colonies formed under P limitation (p < 0.001, n = 15) (Fig. 4) .
Fe depletion
Upon transfer of exponentially growing cultures to the Fedepleted media, cell numbers of the culture declined rapidly (mortality rate −0.4 per day within 2 days) compared to the control culture where transfer to a new medium produces a lag phase prior to exponential growth (µ = 0.2 per day) (Fig. 5a ). As the biomass of Fe-depleted cultures declined, the number of colonies formed after 24 h was fivefold higher than in the replete media (7. both colonies and single trichomes began to disintegrate and the numbers of both morphologies declined drastically (Fig. 5a, c) .
Varying Fe concentrations (rather than just depleting the media from Fe) also impacted colony formation and trichome length (Table 1) 
P depletion
When exponentially growing cultures were transferred to a P-depleted medium, a similar process resulted, although the response of the cultures to P depletion was significantly slower than for cultures stressed by Fe limitation, with colonies forming 5-7 days after induction (Fig. 5d) . Difference in growth rates was minor between the P-replete (0.2 per day) and P-depleted (0.13 per day) cultures for 8 days after induction (Fig. 5b ). Yet, alkaline phosphatase activity (APA), that increases in Trichodesmium when bioavailable P is limited [31] , significantly differed between Fig. 4 Linear regressions of the initial culture density vs. the number of colonies formed in T. erythraeum IMS101 cultures 2 days after resuspension of different cell densities in Fe-depleted media (black diamonds) (R 2 = 0.88, n = 15, p < 0.001) and 6 days after resuspension in P-depleted cultures (black circles) (R 2 = 0.89, n = 15, p < 0.001). The difference in the day when colonies were quantified for each specific treatment was due to the varied response time required for colonies to appear under P or Fe depletion the two treatments. The alkaline phosphatase turnover time decreased 16-fold in P-depleted cultures compared to a 3-fold reduction in the replete cultures during the same time; from 93.3 h on day 0 to 5.8 h on day 6 for the P-depleted cultures while in replete media cultures the alkaline phosphatase turnover times decreased from 104 h on day 0-34.5 h on day 6 (Supplementary Table S2 ). Accordingly, in the P-depleted cultures, the number of colonies per total number of cells was significantly higher (p < 0.008, n = 3) than those formed in the replete media during the experiment (Fig. 5d) . although the total number of colonies was lower than in corresponding Fe-depleted cultures (Fig. 5c ). Five days after P depletion, we measured a four fold difference between treatments with 6.5 × 10 −5 colonies per cell and 1.6 × 10 −5 colonies per cell for the P-depleted and P-replete, respectively (Fig. 5d) . On day 9, no colonies were observed in the P-replete media while in the P-depleted media colony abundance increased to 8.7 × 10 −5 colonies per cell (Fig. 5d) . The specific nutrient deprivation also impacted colony morphologies. The average length of Fe-depleted trichomes was 0.32 mm, significantly shorter (n = 173, p < 0.01) than trichomes from both P-depleted and replete media (0.50 mm and 0.45 mm, respectively) ( Table 2 ). These shorter Festressed trichomes formed smaller colonies (average length 0.52 mm, n = 73, p < 0.01) than P-depleted colonies with an average length of 1.25 mm (Table 2) . Accordingly, and taking into account the different times and magnitude of response to the specific nutrient depletion, the average colony volume for Fe-depleted colonies was~50-fold smaller at 1.2 × 10 −3 mm 3 compared with 5.8 × 10 −4 mm 3 for P-depleted cultures (Table 2 ).
Iron and phosphorus enrichments stimulate colony dissociation
Enrichment with Fe (rescue) of a Fe-depleted culture caused a~50% reduction in colony numbers after 1 day, from 4.9 × 10 −5 colonies per cell at the time of Fe enrichment to 2 × 10 −5 colonies per cell (Fig. 5g) . During the same time frame, the abundance of colonies in the Fe-depleted media increased significantly by another~50%, from 7.5 × 10 Phosphate enrichment of a P-depleted media also prompted a reduction in colony numbers with the dissociation of existing colonies. During the first 5 days (post P-depletion and pre PO 4 rescue), colonies were detected in all treatments (Fig. 5h) . After the addition of phosphate to the rescue media, the number of colonies in the PO 4 rescue media declined to 1.7 × 10 −5 colonies per cell on day 6 (1 day after rescue) and 0.51 × 10 −5 colonies per cell on day 9.
The number of colonies in the P-depleted media kept increasing to 5.8 × 10 −5 colonies per cell by day 6 and on (Fig. 5h ).
Motility and aggregation of trichomes to colonies under nutrient depletion
The mean square displacements shown in Fig. 3e were similar between treatments (see dashed gray lines) indicative of no significant differences in cellular motility patterns of individual trichomes between cultures that were grown under replete conditions or Fe-depleted conditions. To further test the differences between the two cases, we examined the probability of trichomes to (i) briefly attach (for at least 30 s) if encountered (Fig. 6a) , and to (ii) remain together (coalesce) if previously attached (Fig. 6b) . This was done by examining the fraction of trichomes that satisfied these conditions out of the total number quantified in the field of view. In the Fe-replete cultures, the maximal probability of attachment between encountered trichomes reached only 12% at maximal surface density while the probability of trichomes to remain coalesced if attached only 10% (Fig. 6a, b) . When Fe was depleted, and as the density of trichomes increased in the cultures, the probability of attachment between encountered trichomes rose to >35% (Fig. 6a) . Furthermore, the probability of coalescing if attached for Fe-depleted trichomes was independent of surface cell density and rose to~50% compared with only 10% of the nutrient-replete cultures that remained attached (Fig. 6b ).
Discussion
Induction, formation, and cohesiveness of colonies
Trichodesmium employs various strategies to enhance the uptake and acquisition of Fe and P that are critical for its growth and productivity in the nutrient-limited surface oceans [13, [17] [18] [19] [32] [33] [34] . Our current results provide new evidence illustrating how stress, induced by Fe and P limitation, stimulates trichome aggregation and colony formation in Trichodesmium (Figs. 2, 4 , 5, and 6). Our data clearly demonstrates that although all live trichomes have similar characteristic movements, whether under replete or limited Fe (Fig. 3e) , nutrient deprivation enhances the probability for motile trichomes to connect, remain attached, and initiate colony formation (Figs. 3 and 6 , Supplementary Figure S1 ). Finally, when Fe or P are re- Averages of trichome length ± SD on day 2 for Fe-depleted YBCII media, on day 6 for P-depleted YBCII media, and on day 0 for replete YBCII media (n = 150, p < 0.01 for Fe-depleted trichomes compared to P-depleted and replete media). Colony length and volume average ± SD (n = 73, p < 0.01 for Fe-depleted colonies length compared to P-depleted, change in volume was not significant) on day 2 for Fe-depleted YBCII media and on day 6 for P-depleted YBCII media. n = 3 per treatment introduced to nutrient-limited cultures, colony numbers decline and free trichomes predominate in the cultures (Fig. 5g, h ). The mechanism of motility (and colony attachment) in Trichodesmium is currently unknown and is not the objective of our study. Yet, our data also provide evidence supporting the coalescing of the trichomes (Fig. 6b) and the tight connective nature of the trichomes in the colonies formed under P and Fe depletion (Fig. 2 and Supplemental Figure S1 ). Nutrient stress in Trichodesmium stimulates the production of transparent extracellular polysaccharides (TEP) [29, 35] . Polysaccharide sheaths or mucus are commonly produced in colonial cyanobacteria such as the unicellular Microcystis or the filamentous Nostoc [36, 37] . In Trichodesmium, this sticky matrix can help consolidate colonial morphology and structure as illustrated from the higher adhesive forces between trichomes in colonies quantified by AFM (Supplementary Figure S1) . The polysaccharide matrix also provides a carbon-rich substrate for the associated microbiome (reviewed in ref. [38] ) to recycle and enhance nutrient concentrations near the colonies [19] .
Although we do not know the structural composition of the connective cellular appendages between adjacent trichomes (Fig. 2) , varied intercellular connective systems exist in Bacillus subtilis, Geobactor spp., and other bacterial species [39] (reviewed in ref. [40] ). These connections occur both intra-and inter-specifically with nanowires or nanotubes bridging the cells [39] , or with outer membrane extensions and vesicle chains as observed in Shewanella oneidensis [41] . Moreover, these lipid and carbohydratebased vesicle appendages proliferate in biofilms of Myxococcus xanthus [42] , suggesting a possible role in colony formation. These connections provide both a physical glue and a conduit for transported molecules and communications from one cell to another [42] . We hypothesize this occurs similarly between trichomes within the Trichodesmium colony (Fig. 2a, b, c, d, e) , possibly aided by associated epibionts found in oceanic populations [43] , as well as in the non-axenic Trichodesmium IMS101 cultures (Supplementary Table S1 ).
Additionally, the hair-like structures we observed extruding from the trichomes (Fig. 2f) may be similar to pili-like structures as discovered in several cyanobacteria [44] , including the filamentous Nostoc punctiforme that has two types of pili-like structures, short/thin pili-like structures as in other bacteria, and novel interconnecting long/ thick pili-like structures [45] . Both types of pili-like structures can act as microbial nanowires, however their function remains unknown [45] . No data is currently available regarding pili-like structures or function/s for Trichodesmium IMS101 although preliminary genomic searches revealed seven genes that may potentially be related to motility and pili formation (https://www.ncbi.nlm.nih.gov/ bioproject/?term=PRJNA304389, sample accessions SAMN05207415, SAMN05207416, and SAMN05207417).
Differential impacts of Fe and P stress on colony formation and morphology
Decreased availability of Fe produced a much more rapid formation of colonies in Fe-depleted colonies compared to P-depleted colonies (24-48 h vs. 5-7 days, respectively) (Fig. 5) . The shorter Fe-depleted trichomes (Table 2) conform with previous data demonstrating that Fe limitation generally causes a reduction in both trichome length and in growth rates [25, 46] . P-limitation (under ambient CO 2 ) did not change the average trichome length compared to that measured in replete cultures [34] consistent with measurements of the P-depleted trichomes here ( Table 2) .
Fe limitation in Trichodesmium negatively impacts photosynthetic rates, synthesis of enzymes, and proteins such as nitrogenase and PSI, and subsequently growth [25] . Moreover, depletion of Fe, as in our experiments, stimulates rapid biochemical and physiological responses such as upregulation of the iron stress gene isiB [29] and induces a programmed cell death pathway that can cause an exponentially growing biomass to crash 2-4 days after Fe is depleted from the media [23, 25, 35] . Thus, the formation of colonies 1 day after cultures were transferred to Fe-depleted media (Fig. 5) , and the inability to revert back to single trichomes when Fe was added back to the medium 2 days after depletion (data not shown), further substantiate the acute nature of Fe depletion [47, 48] and the potential importance of the colonial morphology in alleviating this stress.
The advantages of the colonial morphology when Fe is limiting has been demonstrated from several oceanic and culture studies. Eolian dust transport provides a principal source of Fe to the open surface ocean [49] . However, this supply is typically episodic and stochastic [50] . Thus, Trichodesmium must efficiently take up Fe to meet its requirements [25, 47] . Dense surface blooms of Trichodesmium can enhance the capture rate of atmospheric dust particles as they sink through the water column [18] . Puffshaped colonies of Red-Sea populations of Trichodesmium spp. adsorb, actively shuttle, and package desert dust within their core, thus enhancing Fe and ferrihydrite dissolution and assimilation [17] . Fe-replete laboratory cultures consisting of free trichomes cannot adsorb dust and only enhance ferrihydrite dissolution [17] . Moreover, the natural puff populations are more effective at ferrihydrite dissolution when rates are normalized per trichome [17] . In other laboratory cultures of Trichodesmium, Fe uptake by single trichomes was largely from FeCl 3 and weak organic ligands such as Fe-citrate and minimally from siderophore-bound Fe [51] .
In contrast to the dramatic response to Fe limitation that began 24 h after depletion of Fe, P limitation during the 9 days of the experiment resulted in slower rates of colony formation, fewer colonies, and minor changes in trichome morphology (Figs. 4 and 5 and Table 2 ). This more flexible response is consistent with Trichodesmium's diverse strategies in procuring and utilizing P [33, [52] [53] [54] [55] . Trichodesmium can also use excess P when available (luxury uptake), store it in the form of polyphosphate [56, 57] , and modify cellular P requirements via flexible elemental stoichiometry [34, 58] . These adaptations provide a "buffer" to P depletion, so that growth can be sustained for longer upon P limitation as observed with only a slight reduction in growth rates compared to the P-replete cultures (Fig. 5 ).
Yet, our data clearly shows that P depletion induced colony formation (Fig. 5d) while P enrichment caused colonies to disassociate (Fig. 5h) . Thus, colonial morphologies must provide an added benefit when P is limiting. Colony formation enlarges the effective cell size which, together with altered cellular buoyancy via carbohydrate ballasting and gas vesicles, enhances vertical migration to "mine" nutrients such as P below the nuticline [13] [14] [15] [16] 59] .
Colonies have an additional advantage in their role as microbial "hot spots", hosting a diverse microbiome [5, [60] [61] [62] . Enzymatic activity and nutrient recycling by the associated epibionts can increase both Fe and P availability for Trichodesmium [19, 51, [61] [62] [63] . Moreover, co-evolution of specific epibionts such as Alteromonas macleodii with Trichodesmium colonies [64] , similar to associated bacteria in the Trichodesmium IMS101 cultures (Supplementary  Table S1 ), can provide functional solutions such as enhanced alkaline phosphatase activity to facilitate P acquisition under limited conditions [19] or detoxification of ROS within the consortia [64] .
Trichodesmium is not unique in its colony-forming strategy. Colony formation has been linked to nutrient stress in other cyanobacteria and in eukaryotic phytoplankton. Declining availability of total N and P stimulated the formation of aggregates and induced the development of larger colonies in the unicellular colony forming fresh-water cyanobacteria Microcystis spp. [65] . Moreover, high concentrations of combined N and P caused colonial morphologies of Microcystis to disappear [65] . Other environmental drivers (e.g., temperature, salinity, pH, light, and UVR) [65] [66] [67] and biotic factors (e.g., grazing, allelopathy, and other interspecific interactions) [68] [69] [70] [71] induce colony formation in cyanobacteria and other phytoplankton. Dominant factors such as nutrient deprivation may drive the formation of colonies. Yet, ultimately colony formation, morphology, and function are probably a response to an ensemble of several other stressors as demonstrated.
Furthermore, our data show conclusively that colonies in Trichodesmium can begin to form within several hours (~6-10 h from depletion). Such a rapid reaction is probably much more prevalent in oceanic colonies that form from trichomes that are not necessarily genetically identical or from different Trichodesmium species [4, 5] . When a rapid response rate to changed environmental conditions is required, this ability to aggregate and form functional colonies is clearly advantageous, compared to colonies formed by cell division [72] .
Is colony formation related to Fe or P availability in the ocean?
If colonies are a response to nutrient limitation and specifically to P and Fe availability, we expect that the oceanic concentrations of these nutrients may impact the distribution and abundance of trichomes and colonies of oceanic Trichodesmium populations. We found no apparent trend when we reviewed the literature to compare the measured ambient dissolved inorganic P (DIP) concentrations and the reported distribution of free trichomes and colonies (Supplementary Table S3 ).
Several factors contribute to the lack of correspondence. Often, published counts are from experimental manipulations of colonies "picked" out of tows or from the Niskin bottles [26, 73, 74] . While, in situ imaging microscopes such as the video plankton recorder provide colony, but not free trichome, abundance [24, 75] . Thus, colony numbers are often reported [73, [76] [77] [78] while free trichomes are reported infrequently [1, 79] . Most importantly, routine counts of both colonies and free trichomes, reported with the corresponding ambient nutrient concentrations, are scarce [80] limiting our comparative analysis.
Furthermore, Trichodesmium's flexible P acquisition strategies would enhance survival and growth under low P for both free trichomes and colonies. Thus, in the oceans, we would not necessarily observe a direct correlation between ambient PO 4 concentrations and colony formation as we consistently demonstrated in laboratory cultures (Fig. 5d, h) .
The more acute response of Trichodesmium colony formation to Fe-stress could perhaps yield a better global comparison examining the coupling between ambient Fe concentrations and distribution of colonies vs. trichomes. However, we found only one study that examined colony and free trichome abundance in relationship to ambient Fe concentrations [80] . Thus, correlating between Fe availability and colony abundance from published oceanic studies is currently impossible and should be explored in the future.
Conclusions
Research on Trichodesmium has elucidated many strategies that have enabled its survival and predominance in the vast expanses of the oligotrophic subtropical and tropical oceans for well over 2 billion years. Our results also clearly demonstrate that different levels of either P and Fe stress induce trichome aggregation and promote cohesion leading to colonial morphologies in Trichodesmium. We hypothesize that nutrient deprivation drives the transition between trichomes and colonies in oceanic Trichodesmium with cellular motility enabling a rapid and flexible response between morphologies. Moreover, to enhance colonial formation and morphology, coordinated genetically regulated functions and a communication network must operate between the individual trichomes themselves and their associated holobiont populations. Signals and pathways such as quorum sensing molecules [19] , nanotubes [39] , and nanowires [45] mediate such interactions, and may be channeled through connective appendages such as we observed between trichomes (Fig. 2) . These combined attributes facilitate the continued survival of Trichodesmium in the dynamic environment of the past, present, and future ocean.
